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There has not as yet been an integrated, comprehensive study 
of the responses of dermis and epidermis in vivo to a wide 
range of ultraviolet (UV) doses, encompassing all major an-
tioxidants and a sensitive marker of oxidative damage. We 
have irradiated hairless mice with simulated solar light at 
doses of 2,5, 12.5, and 25 J/cm2 combined UVA and UVB 
(0.8 to 10 MED) and measured enzymic and non-enzymic 
antioxidants as well as lipid hydroperoxides in both epider-
mis and dermis to elucidate the response of cutaneous antiox-
idant defense mechanisms to UV stress. 
Among the nonenzymic antioxidants two different dose-
response patterns were seen. Ascorbate was rapidly depleted 
at doses between 0 and 5 J/cm2 but was less affected between 
5 and 25 J / cm2• In contrast, glutathione, ubiquinol/ one, and 
a-tocopherol levels remained approximately equal to control 
levels between 0 and 5 J/cm2, then decreased to varying 
degrees from 5 to 25 J / cm2; ubiquinol was almost completely 
depleted, whereas a-tocopherol dropped only 30%. The 
concentration of lipid hydroperoxides increased throughout 
the dose range. These results may be explained partly by 
direct destruction of some antioxidants by UV light, partly by 
the' separate antioxidant functions of the compounds, and 
R eactive oxygen species (ROS) are well-known to be involved in cancer, aging, and many inflammatory skin disorders [1]; thus elucidation of the antioxidant defense mechanisms of the skin and their response to ultraviolet (UV) light may be helpful in understand-
ing both the mechanism of such damage and possible methods for 
prevention or amelioration. 
There are many reports about the relationship between UV irra-
diation and skin antioxidants [2 - 6). These results sapport the free 
radical hypothesis for solar UV light - induced cutaneous damage in 
that they demonstrate, in skin and in cultured cells, that antioxidant 
depletion and oxidative damage occur in UV -irradiated skin. But 
there has not as yet been an integrated, comprehensive study of the 
responses of dermis and epidermis in vivo to a wide range of UV 
doses, encompassing all major antioxidants and a sensitive marker of 
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partly by recycling of some antioxidants (e.g., a-tocopherol) 
at the expense of others (e.g. , ubiquinol). Even at the lowest 
dose (0.8 MED) lipid hydroperoxide formation was ob-
served. 
Among the enzymic antioxidants, superoxide dismutase 
activity decreased significantly (to 63.6% of initial activity 
for epidermis and 51.5% for dennis at 25 J), whereas activi-
ties of glutathione peroxidase and glutathione reductase de-
creased slightly. Catalase activity decreased dramatically at 
doses above 5 J (to 11.8% of initial activity in epidermis and 
27.7% in dermis at 25 J). The dramatic loss of catalase is 
almost entirely accounted for by direct destruction by the 
simulated solar light, but superoxide dis mutase was unaf-
fected by direct exposure; hence its destruction must be due to 
indirect effects, either mediated by free radicals or other 
harmful species formed upon irradiation. 
At low doses ofuV light many components of the cutane-
ous antioxidant system were damaged, whereas at high doses 
all components were damaged and some were almost com-
pletely destroyed. Key words: plwtodamage/dose response/free 
radicals.] Invest Dermatol 102:470-475,1994 
oxidative damage. Such an integrated, comprehensive approach ex-
amining a variety of antioxidants in vivo is necessary because of the 
complexity of the cutaneous antioxidant system and because antiox-
idants are intimately interlinked. For example, it is well-known that 
ascorbate can regenerate tocopherol from the tocopheroxyl radical 
[7,8], that such regeneration may occur in skin [9] and that the 
resulting ascorbyl radical can itself be converted to ascorbate by 
reduced glutathione [10] . 
In a previous study we comprehensively examined the antioxi-
dant defense systems of the epidermis and dermis [11]. We found 
that 1) most antioxidants (enzymic and non-enzymic) are present in 
higher concentrations in epidermis than dermis in hairless mice and 
2) when mice were exposed to a single large dose of simulated solar 
light in vivo the concentrations of many antioxidants decreased dra-
matically in both epidermis and dermis. 
In the present study we tested a range of doses of UV light com-
monly or occasionally encountered, from less than one minimal 
erythemal dose (MED) to a high dose. Patterns of antioxidant re-
sponse and cellular damage over such a range can give clues to 
mechanisms of production of free radicals due to irradiation, and the 
possible prevention of this production. Therefore, in this experi-
ment we examined the effect of a range of doses of simulated solar 
light (over a range of 0.8 to 10 MED) to examine 1) antioxidant 
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responses at low to moderate acute doses of solar UV light;. 2) 
oxidative damage at these doses. as measured by lipid hydroperoxlde 
production; 3) interactions between antioxidants apparent fron: ex-
amining dose-response curves; and 4) the response of both epider-
mis and dermis. as these layers may play different roles in different 
types of photodamage. 
MATERIALS AND METHODS 
Irradiation of Mice Female hairless mice (Simonsen. Gilroy. CA. strain 
Sim HRS/hr hr BR) 11-14 weeks old. were used. Mice were anesthetized 
by intraperitone~l injection of sodium pentob~rbital (50 mg/kg body 
weight) and a stall1less steel plate with a 2.3.-cm diameter hole was fixed on 
the right side of the mouse. which was then trradlated. Light passed through 
the hole to the skin. Light was provided by a solar simulator (Solar Light Co. 
Philadelphia. PA. model 14S). which provides light of290-400 nm with a 
spectral distribution similar to sunlight. The light does not heat the skin. 
Doses were 2. 5. 12.5. and 25 ]/cm2 (UVA and UVB combined). as mea-
sured by three meters with overlapping sensitivities (UVX-25, -3.1. -3.6. 
UVX Radiometers. UVP. Inc .• San Gabriel. CAl; because of the overlap this 
is probably an overestimate. Ea~h day before irradiation the output of.the 
solar simulator was measured USll1g the three meters and the IrradlatlOn tlme 
for each dose was calculated. A random selection of doses was used each day. 
Using these meters it was found that the highest dose (25 ]/cm2 ) was the 
equivalent of exposure to 4 - 5 h of natural autumn sunlight at our latitude 
(38 ON). A dose of2.5 ]/cm2was found to be the MED for these mice. Thus. 
the doses ranged from approximately 0.8 to 10 MED. 
The mice were killed by cervical dislocation within 5 min of the cessation 
of irradiation. and irradiated skin on the right side and control. non-irra-
diated. skin from the contralateral area on the left side were removed imme-
diately. After adherent subcutis was removed. the whole skin was placed 
dermis-side down on a petri dish and heated at 55 ° C for 3.0 seconds. Epider-
mis and dermis were then gently separated with a scalpel. The separated 
epidermis and dermis were frozen and stored in liquid nitrogen for up to 2 
weeks before analysis. Four to six milligrams epidermis and 50- 70 mg 
dermis (wet weight) were obtained from each skin sample. 
For glutathione. ascorbate. a-tocopherol. ubiquinol and ubiquinone. and 
lipid hydroperoxide. we verified that these conditions did not change either 
the concentration or the oxidation status of the antioxidants or the enzyme 
activities (SOD. catalase. glutathione peroxidase and glutathione reductase) 
by comparing concentrations and redox status in skin heated to 55 · C for 30 
seconds versus skin held at O·C for 30 seconds; there was no difference. 
Chemicals 5,5' -dithiobis-2-nitrobenzoic acid (DTNB). reduced nicotin-
amide adenine dinucleotide phosphate (NADPH). oxidized glutathione 
(GSSG) and reduced glutathione (GSH). ferricytochrome c. hydrogen per-
oxide. xanthine. butylated hydroxy toluene (BHT). deferoxamine mesylate. 
DL-alpha tocopherol. ubiquinone 9. ascorbic acid. superoxide dismutase. 
catalase. buttermilk xanthine oxidase. yeast glutath ione reductase. 6-amino-
2.3-dihydro-l .4-phthalazinedione. microperoxide and triphenyl phosphine 
were purchased from Sigma Chemical Co. (St. Louis MO). 2-vinylpyridine 
and 2,3-dimercapto-l-propanol were purchased from Aldrich Fine Chemi-
cals (Milwaukee. WI). 
Antioxidant Enzyme Assays Duffer A (sodium chloride 130 mM. glu-
cose 5 mM. disodium EDTA 1 mM. sodium phosphate 10 mM. pH 7.0). 
0.75-1.5 mI. was used for homogenization. Each sample of epidermis and 
chopped dermis was homogenized with a Teflon homogenizer rotated by an 
electric drill at maximum speed for 2 min and centrifuged with bench top 
Eppendorf centrifuge Model 5415 (10.000 X g. 10 min). The supernatant 
was kept on ice and used for enzyme assays and protein determination. We 
verified that this technique produced a supernatant that contained all the 
enzyme activities by treatment with Triton-XI00 or sonication. which were 
not found to release more activity. The activities of catalase [12]. superoxide 
dismutase [1 3]. glutathione peroxidase [14]. and glutathione reductase [15] 
were assayed spectrophotometrically on a Shimadzu UV 160 U Spectropho-
tometer according to procedures described in the cited references. One en-
zyme unit is equivalent to 1 flM of product formation or 1 flM of substrate 
disappearance per minute under the defined conditions. except forsuperox-
ide dismutase. In the case of SOD. the amount of SOD inhibiting the 
cytochrome c reduction rate by 50% under the given assay conditions is 
defined as 1 unit. All enzyme activities were measured at 30·C. Protein 
concentration was determined by Dio-Rad DC protein assay. For SOD and 
catalase. recovery experiments were performed by adding the purified en-
zymes to skin samples prior to homogenization. In both cases. recovery was 
95-100%, and inactivation did not occur. 
Antioxidant Assays a-tocopherol. ubiquinol 9. and ubiquinone 9 con-
centrations were analyzed simultaneously by high-pressure liquid chroma-
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tography (HPLC) as described by Lang el al [16] using in-line electrochemi-
cal detection of tocopherol and ubiquinol 9 and UV detection of ubiquinone 
9. For this assay. at least 5 mg wet weight of tissue was necessary. 
Glutathione was measured by the DTNB-glutathione reductase recycling 
assay [17]. The homogenization solution was 3.3% sulfosalysilic acid. 5 mM 
EDTA. and 1.5 mM DHT. ice-cold. bubbled with argon gas. Samples were 
homogenized with the Teflon homogenizer at maximum speed for 1 min. 
immediately centrifuged at 3.000 Xg for 10 min. then 1 ml of the superna-
tant was added to 0.6 ml of2 M sodium citrate (pH 5.5) and the mixture was 
used for total glutathione (GSH + GSSG) assay. Dy adjusting the pH in this 
manner local areas of high pH. in which GSH oxidation might occur. were 
avoided. For the GSSG assay. 10 fll 2-vinylpyridine was added to 500 fll of 
the above solution and the mixture was incubated for 1 - 2 h to derivative the 
reduced GSH. rendering it inactive in the assay [18]. We used a mixture of 
three irradiated epidermis samples because at least 15 mg wet weight of tissue 
was necessa.ry for GSSG assay. 
Ascorbic acid and dehydroascorbic acid were measured by HPLC using 
electrochemical detection [19J. In brief. samples were homogenized with a 
Teflon homogenizer at maximum speed for 2 min in ice-cold 90% metha-
nol. 1 mM EDTA. 50 flM desferoxamine mesylate. and 1.5 mM BHT 
solution bubbled with argon gas. After centrifugation (3000 Xg. 3 min). a 
20-1i1 sample of supernatant was immediately analyzed by HPLC for ascor-
bic acid. For total ascorbic acid. a sample of supernatant was incubated in the 
dark at room temperature for 10 min with an equal volume of 10 mM 
2.3-dimercapto-l-propanol. After incubation the solution was extracted 
three times with three volumes of water-saturated ethyl ether. After extrac-
tion. samples were purged with nitrogen for 2 min then immediately ana-
lyzed by HPLC. Dehydroascorbic acid was calculated as total ascorbic acid 
minus reduced ascorbic acid. Ascorbic acid standard (2 liM) was freshly 
prepared for each day'S assay. The concentration of the standard was deter-
mined spectrophotometrically using an extinction coefficient at 265 nm of 
14.500 M-I cm-I. 
For glutathione. ascorbate. and ubiquinol. recovery experiments were 
performed by adding the reduced or oxidized form to skin samples prior to 
homogenization. In all cases. recovery was 95-100%. and oxidation of 
reduced forms did not occur. 
Lipid Peroxidation Lipid hydroperoxides were separated by HPLC and 
detected by chemiluminescence [20]; the reaction solution for the postco-
lumn assay contained microperoxidase (25 mg/I) and isoluminol (177.2 
mg/I) and was pumped at a flow rate of 1.5 ml/min. A Soma Chemi Lumi 
Detector S-3400 was used to detect chemiluminescence. This assay measures 
the hydroperoxy groups themselves and not indirect indices oflipid peroxi-
dation such as conjugated dienes or breakdown products of lipid hydroper-
oxides. The detection limit is 1 pmole. Chemiluminescence also detects 
ubiquinols. To confirm that any chemiluminescence observed in this assay 
was due. to a .hydroperoxide •. not a hydroquinone. some samples were re-
duced With tnphenyl phosphll1e and rerun. Because the chemiluminescence 
response of hydro peroxides. but not of hydroquinones. is eliminated by 
triphenyl phosphine. the disappearance of chemiluminescence peaks in the 
treated samples indicated that chemiluminescence observed in this assay was 
due to hydroperoxides and not hydroquinones. 
RESULTS 
Enzymic Antioxidants The enzyme activities after irradiation 
are expressed as a percent of the value of activity in the non-irra-
diated (control) skin. 
SOD and catalase (CAT) were greatly affected by irradiation (Fig 
1A and B. respectively). whereas glutathione reductase (GR) and 
glutathione peroxidase (GSH-Px) were less affected (Fig 1 C and D. 
respectively). Above 5 J/cm2 • activities of SOD decreased and then 
plateaued (at 63.6% of control activity in epidermis and 51.5% of 
control activity in dermis at 25 J/cm2 ). For CAT. activity dropped 
to about 65% of control values by 5 J/cm2 • A further steep drop 
occurred between 5 and 12.5 J/cm2 • to about 20% control activity 
in epidermis and dermis. CAT activity did not decrease further 
between 12.5 and 25 J/cm2 • For GSH-Px and GR the response was 
less dramatic, but both enzymes reached levels of about 80 - 85% of 
control values in both epidermis and dermis by a dose of25 J/cm2 • 
Solutions of purified SOD and CAT were prepared in Buffer A at 
activities equal to their epidermal activities (units/ml buffer rather 
than units/ gm skin) and irradiated with the same doses of light as 
used for the ill viflo experiments. The activity of CAT (compared to 
control. non-irradiated CAT) decreased in a pattern strikingly simi-
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Figure 1. Changes of antioxidant enzyme activities due to UV irradiation 
in epidermis and dermis. UV light was from a solar simulator whose output 
closely matched the UVA and UVB spectrum of solar light. Mice were 
irradiated on one flank; the other non-irradiated flank served as contro!' 
Samples were taken within 5 min of cessation of radiation. Samples were 
stored until assay in liquid nitrogen. Epidermis and dermis were separated by 
heating at 55 0 C for 30 seconds followed by gentle scrapi.n.g, then homoge-
nized in a buffer containing sodium chloride 130 roM, glucose 5 mM, 
disodium EDTA 1 mM, sodium phosphate 10 mM, pH 7.0. Enzymes were 
assayed by standard spectrophotometric methods [12-15]. Enzyme activi-
ties are shown as percent remaining in irradiated skin compared to contro!' 
A, SOD; B, catalase; C, glutathione peroxidase; D, glutathione reductase. 
n = 3; the results are the mean ± SEM.·p < 0.05, "p < 0.01, '''p < 0.001 
when compared with the non-irradiated skin; epidermis, 0; dermis •. 
lar to that seen in intact skin (Fig 2) whereas SOD activity remained 
unchanged even at 25 J/cm2 • 
Lipophilic Antioxidants Because results are given as a percent-
age of control values, we have included a table of contr~concentra­
tions for lipophilic and hydrophilic antioxidants in both epidermis 
and dermis (Table 1). 
Each value was first calculated as concentration in irradiated 
skin/concentration in control skin (percent) for each mouse; then 
this percentage was converted to nmoles/ gm skin tJsing the average 
value for control skin samples as 100%. In this way each mouse 
could serve as its own control, but the data can be presented as actual 
concentrations of the various antioxidants. 
Lipophilic antioxidants fo llowed similar patterns of depletion, 
but to different degrees. This was true of both epidermis and dermis. 
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Figure 2. Effects of UV irradiation on purified SOD and catalase activity 
(ill vitro experiment). Solutions of purified SOD and CAT were prepared in 
homogenization buffer at activities equal to their epidermal activities (units/ 
ml buffer rather than units/gm skin), placed in quartz cuvettes, and irra-
diated with the same doses of light as used for the ill vivo experiments. 
Activities were compared to control solutions which were placed in foil-
covered cuvettes in the irradiation chamber for the same length of time as the 
experimental samples. SOD, 0 ; catalase, •. Each point represents n = 3. 
Concentrations in skin of the irradiated flank decrease little com-
pared to the control flank between 0 and 5 J / cm2 , then decreased 
more sharply from 5 to 25 J/cm2 (Fig 3). However, a -tocopherol 
levels were much less affected by irradiation than ubiquinol/one 
levels; a-tocopherol concentration dropped to 64.9% and 70.4% in 
epidermis and dermis, respectively, at a dose of 25 J/cm2 , whereas 
ubiquinol concentration decreased to 7% of control values at this 
dose in both epidermis and dermis, and ubiquinone concentration to 
23.8% and 39% of control values in epidermis and dermis, respec-
tively. 
Because both ubiquinol and a-tocopherol have absorbance max-
ima around 295 nm, within the range of radiation emitted by the 
solar simulator (and by the sun), each was dissolved in UV -transpar-
ent methanol to a concentration equal to its concentration in epider-
mis, and irradiated with the range of doses used for in vivo experi-
ments. The concentration of both antioxidants decreased to about 
70% of control, non-irradiated samples by 25 J/cm2 (data not 
shown). 
Table I. Average Concentrations of Lipophilic and 
Hydrophilic Antioxidants in Control Skin" 
Antioxidant 
a -tocopherol 
Ubiquinol9 
Ubiquinone 9 
Ascorbic acid 
Dehydroascorbic acid 
Total (ascorbic acid + 
dehydroascorbic acid) 
Reduced glutathione 
Oxidized glutathione 
Total (reduced glutathione + 
oxidized glutathione) 
Concentration in 
Epidermis 
(nmol/gm tissue) 
4.81 ± 1.06 
1.87 ± 0.46 
15.21 ± 2.54 
1321 ± 244 
1324 ± 558 
2663 ± 624 
1160 ± 189 
66 ± 44 
1226 ± 183 
Concentration in 
Dermis 
(nmol/gm tissue) 
3.32 ± 0.75 
1.21 ± 0.55 
10.03 ± 1.46 
1064 ± 172 
895 ± 345 
1959 ± 440 
594 ± 155 
163 ± 67 
757 ± 168 
a Those values were considered 100%. n = 5 (ascorbate, n = 10). Results 
are mean ± SD. 
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Figure 3. Effects ofUV irradiation on a-tocopherol, ubiquinol9, ubiqui-
none 9, and total (ubiquinol and ubiquinone). Irradiation and homogeniza-
tion were as in Fig 1. Concentrations were determined simultaneously by 
HPLC with electrochemical and UV detection (16). Each value was first 
calculated as concentration in irradiated skin/concentration in control skin 
(see Table I) (percent) for each mouse, then this percentage was converted to 
nmoles/ gm skin using the average value for control skin samples as 100%. In 
this way each mouse could serve at its own control, but the data can be 
presented as actual concentrations of the various antioxidants. A, epidermis; 
B, dermis. n = 3 (one point is mixture of three mice samples). The results are 
the mean ±SEM.·p < 0.05, •• p < 0.01, ••• p < 0.001 when compared with 
the non-irradiated skin. a-tocopherol, e; ubiquinol 9,.; ubiquinone 9, O. 
Hydrophilic Antioxidants Values were calculated and are dis-
played in a manner similar to that for lipophilic antioxidants. 
In both epidermis and dermis, reduced and total glutathione fol-
lowed a dose-response pattern similar to that of the lipophilic an-
tioxidants, remaining relatively unchanged in concentration in the 
o to 5 J/cm2 range, then decreasing to less than 60% of non-irra-
diated values in the 5 to 25 J/cm2 range (Fig 4). The concentration 
of oxidized glutathione remained relatively constant over the entire 
dose range. In agreement with our previous study [11], the concen-
tration of oxidized glutathione was about threefold greater in 
dermis than in epidermis at all doses. 
In contrast to glutathione and the lipophilic antioxidants, con-
centrations of reduced, oxidized, and total ascorbate decreased 
markedly betweenly 0 to 5 J/cm2 (for total ascorbate, to 66% and 
75% of control in epidermis and dermis, respectively), then exhib-
ited a much less pronounced decrease in concentration in the 5 - 25 
J/cm2 range (for total ascorbate, to 65% and 57% of control in 
epidermis and dermis, respectively) (Fig 5). 
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Figure 4. Effects of UV irradiation on glutathione, oxidized glutathione, 
and total (glutathione + oxidized glutathione). Conditions were as for Fig 1. 
Samples were homogenized in 3.3% sulfosalysilic acid,S mM EDTA, and 
1.5 mM BHT, ice-cold, bubbled with argon gas. Reduced and oxidized 
glutathione were assayed by a modification of the DTNB-glutathione re-
ductase recycling assay [17). For GSSG assay, GSH was blocked by 2-vinyl-
pyridine (18). Values were calculated and displayed in a manner similar to 
that for tocopherol. A, epidermis; B, dermis. n = 3 (one point is mixture of 
three mice samples). The results are the mean ± SEM . • p < 0.05, •• p < 0.01 
when compared with the non-irradiated skin. GSH, e; GSSG, 0; total 
GSH,O. 
Lipid Hydroperoxides Lipid hydroperoxide concentrations are 
shown as the value for irradiated skin minus that for control skin 
because the concentrations in control skin were usually almost zero. 
Lipid hydroperoxide concentration increased in parallel with dose. 
Lipid hydroperoxide concentrations were higher in epidermis than 
dermis at all doses, reaching 5.7 nmol/gm skin for epidermis and 
4.1 nmol/gm for dermis at 25 J/cm2 (Fig 6). 
DISCUSSION 
The free radical hypothesis for solar UV light-induced cutaneous 
damage can be stated as follows: 1) UV light causes formation offree 
radicals in skin cells; 2) if the dose is large enough, these free radicals 
can overwhelm skin antioxidant defenses; 3) when antioxidant de-
fenses are overwhelmed, free radicals can cause damage to cellular 
protein, lipids, and DNA; 4) such damage can cause pathology. 
Aspect 1) is extremely difficult to test ill vivo; aspect 4) is well 
established. The purpose of the present study was to examine, in 
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Figure 5. Effects of UV irradiation on ascorbate, dehydroascorbate, and 
total (ascorbate + dehydroascorbate). Conditions were as for Fig 1. Samples 
were homogenized in ice-cold 90% methanol, 1 mM EDT A, 50 11M desfer-
oxamine mesylate, and 1.5 mM BHT solution bubbled with argon gas. 
Ascorbate was assayed by HPLC with electrochemical detection [19). Total 
ascorbic acid was determined by first reducing dehydroascorbate with 2,3-
dimercapto-l-propanol, then assaying as above. Dehydroascorbate was de-
termined by subtraction. Values were calculated and are displayed in a man-
ner similar to that for tocopherol. A, epidermis; B, dermis. n = 3; the results 
are the mean ± SEM. ' p < 0.05, " p < 0.01, "'p < 0.001 when compared 
with the non-irradiated skin. Ascorbate, e; dehydroascorbate, 0; total 
ascorbate, •. 
vivo, using light that very closely matched solar UV light, aspects 2) 
and 3) of this hypothesis, which predict that as UV dose increases, 
antioxidants should be destroyed and cellular damage shou ld ap-
pear. 
In a previous study [11] we compared the effects of a single dose of 
UV light on cutaneous antioxidants to effects seen in 01l1er studies . 
The unique aspects of the present study are that a wide range of 
physiologic doses of UV light closely mimicking solar UV light 
were used to establish dose-response relationships, and a wide array 
of antioxidants were evaluated. The major findings of this study are 
1) the dose-respollSe of non-enzymic antioxidants between 0 and 5 
J/cm2 is quite different from that between 5 and 25 J/cm2 , with 
ascorbate most affected in the lower range of UV doses and gluta-
thione and ubiquinol most affected in the upper range; 2) among 
enzymic antioxidants, catalase and superoxide dismutase exhibit a 
much more severe dose-dependent destruction than do other an-
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tioxidant enzymes; and 3) epidermal and dermal antioxidants are 
similarly affected by UV irradiation, but, despite its greater antioxi-
dant capacity, epidermis suffers greater antioxidant loss in general 
and more lipid hydroperoxide accumulation than dermis. 
In the dose range 0 to 5 J/cm2 ascorbate concentration decreased 
greatly, whereas the concentrations of glutathione, a -tocopherol, 
and ubiquinol/one remained relatively unchanged or decreased 
slightly. At doses from 5 to 25 J/cm2 the pattern reversed, with 
ascorbate being only moderately affected, whereas the other antiox-
idants were depleted to various degrees. There are at least three ways 
in which antioxidant concentrations can be affected by UV radia-
tion: through direct absorbance of light, through interaction with 
reactive oxygen species generated by interaction of photosensitizers 
with UV light, and through antioxidant recycling mechanisms 
whereby one antioxidant can be spared at the expense of another. 
The two antioxidants directly affected by UV light, ubiquinol 
and a -tocopherol , remained at relatively constant concentrations at 
low doses, whereas ascorbate, which does not have an absorbance 
maximum in the solar UV region, declined rapidly. Therefore di-
rect destruction by UV light did not playa major role in producing 
the pattern seen at low doses. However, both direct radical scaveng-
ing effects and indirect recycling effects can serve to deplete ascor-
bate. Ascorbate is known to scavenge hydroxyl and superoxide radi-
cals [21], both of which have been shown to be produced in skin 
homogenates irradiated with UV light [22]. Ascorbate is also 
known to recycle the tocopheroxyl radical back to a-tocopherol 
[7,8], and this may also explain some of its rapid decline at low doses. 
It is not clear why, at about 5 J/cm2 , the antioxidant burden 
seems to shift away from ascorbate and towards glutathione in the 
aqueous phase and ubiquinol and, to a lesser degree, a -tocopherol in 
lipids. It is possible that a portion of the ascorbate in skin is seques-
tered in areas that are not greatly affected by UV radiation and do 
not easily interact with other areas or with membranes. Thus the 
plateau at 5 J/cm2 may represent a depletion of usable ascorbate, 
which is followed by rapid decline in other antioxidants, which 
must then assume a greater role in cellular protection. 
The disparity between degree of depletion of ubiquinol/one and 
a-tocopherol, both of which are chain-breaking lipophilic antioxi-
dants [23,24], cannot be explained by a greater direct destruction of 
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Figure 6. Effects of UV irradiation on epidermal and derm~llipid hydro-
peroxide. Conditions were as for Fig 1. Extracted samples used for tocoph-
erol and ubiquinol/one assay were split and half was used for hydroperoxide 
analysis. Lipid hydroperoxides were separated by HPLC and detected by 
chemiluminescence [20]. Concentrations are shown as the value for irra-
diated skin minus that for control skin because the concentrations in control 
skin were usually almost zero. n = 3; the results are the mean ± SEM. 
Epidermis, 0; dermis, •. 
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ubiquinol, as both are de~troyed at about the same r~te ~hen irra-
diated in vitro. However, It has been proposed that ublqull10l acts as 
an antioxidant and may, in fact, be the first line of defense in lipids in 
at least some systems [24]. An al ternative view is that ubiquinol 
serves to recycle a-tocopherol from the tocopheroxyl radicaI, in the 
process being destroyed [25] . Either or both of these mechanisms 
can explain the more rapid decrease in the ubiquinone/ol pool com-
pared to a-tocopherol, through a direct or indirect sparing of 
a-tocopherol at the expense of ubiquinol. 
Among the enzymes, there were two patterns. Catalase and SOD 
sho wed a marked drop in activity over the dose range; at a dose of2 
J/cm2 (0.8 MED) catalase activity had declined to 90% control ill 
epidermis, and at 25 J/ cm2 it had dropped to 10% of control (Fig 1). 
SOD showed similar though less severe losses . Glutathione reduc-
tase and glutathione peroxidase were much less affected . In the case 
of catalase, much of this depletion may be explained by direct de-
struction by light; it is known that catalase is destroyed by visible 
light [26], and a dose-response curve aImost exactly duplicating that 
for epidermal catalase in vivo was obtained for catalase irradiated in 
vitro (Fig 2), with almost 90% destruction at 25 J/cm2 compared to 
non-irradiated control. In contrast, SOD irradiated ill vitro suffered 
no d ecrease in ac tivity even at the highest doses (Fig 2). Thus, the 
destruction of SOD by solar UV radiation is most likely due to 
indirect effects. O xidation of proteins by free radicals with concom-
rnitant loss of activity is a well-known example of one possible type 
of indirect destruction [27]. Whether destruction is due to free 
radicals in this case is not known. 
Epidermis and dermis showed similar dose-response patterns for 
destruction of antioxidants and appearance oflipid hydroperoxides, 
indicating that, despite the different cell types in these cutaneous 
layers, similar UV light - induced processes are occurring in IlillO. 
Thus, both fibroblasts and keratinocytes may be suitable culture 
systems for the study of oxidant and antioxidant responses of the 
skin as a whole. In general, epidermis experienced more severe 
depletion and a larger increase in lipid hydroperoxides than did 
dermis, to be expected because it is at the very surface of the skin. 
This study examined changes immediately after irradiation, but 
some studies indicate that oxidative destruction (e.g., lipid peroxi-
dation) does not reach its peak until several hours after irradiation 
[27 -30] . Thus the destruction of antioxidants and accumulation of 
lipid peroxidation products observed in this study may represent 
only the start of much greater damage at each dose. Finally, the 
UV -damaged antioxidant system leaves the skin vulnerable to oxi-
dant attack from any source and, indeed, such secondary oxidative 
damage.to cellular components might. exceed . th~t due to UV irra-
diation Itself because of the comprol111sed antIOxidant system. 
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